Abstract-In this paper, we introduce a novel multiple-input multiple-output (MIMO) synthetic aperture radar (SAR) concept for multimodal operation. The proposed system employs waveforms based on the orthogonal frequency division multiplexing (OFDM) technique and digital beamforming (DBF) on receive. Thereby, it becomes feasible to maximize spatial degrees of freedom, which are necessary for the multimodal operation. The proposed MIMO SAR system produces multiple high-resolution wide-swath SAR imageries that are used for coherent postprocessing. Through this paper, we aim to open up a new perspective of using MIMO concept for a wide-swath SAR imaging with high resolution in interferometric and polarimetric modes, based on OFDM and DBF techniques. Therefore, this paper encompasses broad theoretical backgrounds and general system design issues as well as specific signal processing techniques and aspects.
to a considerable improvement in system performance when compared to the state-of-the-art SAR, and its benefits can be maximized when combined with digital beamforming (DBF) capability [5] . So, SAR systems with DBF functionality on receive are spotlighted as a promising way toward the next generation of SAR instrument [6] [7] [8] [9] [10] . The high-resolution wide-swath (HRWS) SAR is a representative example of the DBF SAR concept. The HRWS SAR system enables one to circumvent the fundamental limitation in the SAR design and produces high-resolution images over a wide area with the aid of DBF [11] , [12] . The multiple channels of the HRWS system provide increased degrees of freedom that are fully exploited for the suppression of azimuth ambiguities caused by lower pulse repetition frequency (PRF) than the Nyquist sampling requirement. The DBF techniques make the ambiguity suppression flexible and adaptive [7] , [13] . In this paper, we attempt to build a reconfigurable SAR system concept in which the HRWS SAR imaging operation can be effectively combined with other operation modes, avoiding performance degradation. For this purpose, one needs to increase the spatial degrees of freedom. We achieve it by adding transmit antennas to the multiple receive antennas, the so-called multiple-input multiple-output (MIMO) SAR.
The MIMO concept was proposed by Paulraj and Kailath in the early 1990s for the purpose of increasing channel capacity in wireless communications [14] . This multiple antenna concept has been showing great potential for various applications, not only for wireless communications but also for radar sensors. It has triggered active research work on the multiple antenna systems. Consequently, a radar system with multiple antennas, called MIMO radar, is gaining popularity in the radar community [15] [16] [17] [18] [19] [20] [21] . The MIMO concept is also very attractive for SAR. In a side-looking scenario, MIMO antennas arranged in along-track produce more spatial samples in azimuth, which can be used for HRWS imaging or ground moving target indication (GMTI). In [22] [23] [24] , an airborne MIMO SAR approach combined with cyclic antenna switching mode and multispectral waveforms was investigated for GMTI. This system allows an improvement of signal-to-clutter-noise ratio based on space-frequency diversity. The MIMO antennas also inspired a new 3-D radar imaging concept, which is called ARTINO [25] . In this concept, a large MIMO array mounted under the wings of an airplane or unmanned aerial vehicle is used to illuminate in the nadir direction and to obtain a fine across-track resolution by DBF. In [26] and [27] , techniques to improve spatial resolution have been proposed by employing MIMO antennas along track and across track, respectively.
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Similarly, the MIMO theory could be applied to inverse-SAR imaging for the cross-range resolution enhancement [28] . However, due to complex requirements for the SAR waveform, it was difficult to fully exploit degrees of freedom provided by MIMO configuration for various SAR applications. In this paper, by employing orthogonal frequency division multiplexing (OFDM) chirp waveforms (cf. [29] ) and DBF, we establish the multimodal operation concept of spaceborne MIMO SAR that basically combines advanced HRWS SAR imaging mode with interferometric and polarimetric data acquisition on a single system. In operation, adjusting MIMO antenna constellation, multiple complex SAR image data can be simultaneously obtained for different SAR applications. Furthermore, suppressing ambiguities using the multichannel data contributes to SAR image quality enhancement synchronistically. As aforementioned, special attention should be paid to orthogonal waveforms for the multiple transmission. Due to distributed-target characteristics, the orthogonality of waveforms is the most important issue in realizing the present MIMO SAR concept. On the other hand, the present system should be also capable of producing multiple SAR images for coherent polarimetric and interferometric processing. This means that, although multiple orthogonal waveforms are used to acquire multiple data sets, SAR images reconstructed from individual waveforms must be coherent. These paradoxical conditions cannot be satisfied by conventional coding techniques and frequency diversity schemes using multiple subbands [30] . From this perspective, the MIMO SAR concept presented in this paper is unique. This paper is organized as follows. Prior to dealing with concrete MIMO SAR techniques, we start with an overview of the OFDM chirp waveform scheme in Section II. In Section III, we present overall MIMO SAR processing steps and the multimodal operation principle in a wider sense, which shows the uniqueness of this approach to overcome the limitations of current systems and achieve the multifunctionality required. In Sections IV and V, we present extended studies about the OFDM waveform performance in the presence of Doppler shift and design an example MIMO SAR system based on the proposed techniques, respectively. The designed system performance is evaluated in terms of ambiguities and sensitivity. We conclude this paper in Section VI with future activities.
II. OVERVIEW OF OFDM CHIRP WAVEFORM
The OFDM chirp waveform is essential for the aimed multimodal operation. Assuming knowledge of the OFDM chirp scheme in [29] , we give a short overview of the OFDM chirp modulation scheme and point out important properties of the OFDM waveforms.
A. Principle
The idea behind the new waveform is to use multiple subcarriers for producing nonoverlapping spectra, as shown in Fig. 1 . The first row shows the input data sequence, which is a chirp of duration T p . The following rows in Fig. 1 show the subcarrier assignment for each of the orthogonal waveforms in frequency domain (left) and the corresponding time-frequency diagram (right). Clearly, the subcarriers are orthogonal, since the multiplication of their respective spectra is zero. More orthogonal waveforms are produced by placing additional zeros between the subcarriers, where each new orthogonal waveform causes an increase of the pulse duration by T p [31] . If M Tx transmitters are used, the OFDM chirp length becomes
Due to the zero interleaving, the peak power level of the waveforms will be reduced. However, keeping in mind that the pulse duration is increased, it can be shown that the total energy of the input sequence is conserved according to Parseval's theorem [31] . This repetition property restricts ground coverage regarding range ambiguities. This effect is depicted in Fig. 2 . Assume two point targets leading to the delay time difference of T p . Due to the repetition property of the OFDM chirp pulse, the impulse response function (IRF) of each point target also has two peaks with T p distance, and IRFs of both echo signals overlap, i.e., ambiguity. Consequently, the maximum delay length of a single subswath must not exceed T p in the aforementioned example. This problem can be solved by DBF on receive as spatial filtering. Detailed principles are introduced in [29] . The aforementioned scheme could be applied to any waveform. Here, we choose a conventional chirp which allows exploiting its useful characteristics, specifically the constant envelope in both time and frequency domains. This characteristic is the most important property for spaceborne SAR since the flat signal envelope and spectrum are necessary for the maximum power efficiency on transmit and signal-to-noise ratio (SNR), respectively [32] , [33] .
B. Orthogonality
The orthogonality of the OFDM chirp waveforms is conserved, if the length of the discrete Fourier transform (DFT) used for modulation on transmit and demodulation on receive is the same of the OFDM signal itself. For an OFDM pulse of duration T , the orthogonality can be defined as
where i = j and · T denotes the arithmetic modulo T , which means that s i,j (t) is periodic in T . For instance, T = 2T p for a two-transmit-antenna case. Let T = N · t s , where t s is the sampling interval. The DFT length is then N . Since s i,j is assumed to be cyclic with the period N , (2) becomes a cyclic cross-correlation [31] . Therefore, the Fourier transform of the cross-correlation between two OFDM signals is obtained by
where F{} denotes the Fourier transform operator. The OFDM signals are modulated by nonoverlapping subcarriers, as shown in Fig. 1 . Consequently, the product of two OFDM spectra is zero
Fig . 3 shows the orthogonality of the two OFDM chirp waveforms that was simulated in the presence of speckle, i.e., a typical distributed-target scenario. The OFDM chirp waveforms provide approximately the −60-dB cross-correlation level for the distributed target, which demonstrates the high potential in using OFDM signals for spaceborne SAR imaging.
Equation (2) tells us that received signals must also be within the OFDM pulse duration T , a value that is typically exceeded in spaceborne SAR scenarios due to the large delays associated Fig. 3 . Cross-correlation between two OFDM orthogonal chirp waveforms in a distributed-target scenario. The pulse length is 100 μs, and the chirp bandwidth is 100 MHz at the center frequency of 5.2 GHz. In this simulation, it is assumed that 200 point scatterers exist within 1.5 m × 3 m geometric resolution cell, thus simulating a distributed-target scenario. This figure shows the cross-correlation for a total of 1000 cells.
with the imaged swath. For example, if a pulse length of 100 μs is transmitted, its echo signal length is approximately 430 μs for 100-km swath width at a 30
• incidence angle. In [30] , an orthogonal waveform scheme also using a chirp signal, called short-term shift technique, has been introduced. It is emphasized that both OFDM and short-term-shift scheme require essentially the limitation of the receive signal length for the orthogonality. This induces the application of techniques to limit the delay "seen" on receive [34] . For this purpose, the present work uses DBF in elevation, thus implementing a spatial filter, as introduced in [29] . This can be understood as dividing the received signal into multiple subsets, where each subset is associated to a narrow receive beam, thus limiting the temporal delay of the corresponding received signal. In this way, the OFDM demodulation scheme can be applied to each subset while not sacrificing orthogonality. All details about the demodulation processing are presented in [29] and [35] .
C. Coherence
A high spectral-temporal coherence is one of the most important design goals in the present MIMO SAR acquisition for both SAR interferometry (InSAR) and SAR polarimetry (PolSAR) applications. As aforementioned, the OFDM chirp scheme allows InSAR based on high coherence between SAR imageries reconstructed from different OFDM waveforms. This property is illustrated in Fig. 4 by evaluating the interferometric coherence between two SAR images of a real airborne SAR (E-SAR) image data. The E-SAR data parameters are summarized in Table I , and the simulation procedure is illustrated in Fig. 5 . Two OFDM SAR raw data sets are reconstructed by the convolution between complex SAR image data h(t) and two OFDM chirp waveforms, s 1 (t) and s 2 (t), which correspond to the second row in Fig. 1 .
As shown in Fig. 4 , the simulation result shows the quasiconstant coherence values within the OFDM operation range, whereas the coherence rapidly drops and converges to approximately 0.2 with the increase of the scene length. When a scene length is shorter than a half an OFDM pulse, the OFDM signals are successfully demodulated, and the resulting image data spectra contain overlapping frequency components. However, as the scene length increases, the interpolation effect is reduced, and the OFDM demodulation also fails in the reconstruction of the image scene. Therefore, the coherence deteriorates strongly due to range ambiguities caused by OFDM demodulation as well as leakage from one to the other OFDM pulse.
To conclude, sufficient coherence for postprocessing can only be obtained for a shorter scene length than the OFDM pulse length; furthermore, the operation range of OFDM waveforms is bounded by the single chirp length T p , which is used for the OFDM modulation. This conclusion corresponds to the basic idea behind traditional OFDM transmission that the information symbols are sent within a narrow coherence bandwidth, which is inversely proportional to the delay Fig. 6 . Generic MIMO SAR processing schematic. Two major functions of the generic MIMO SAR processor are the MIMO signal processing and the conventional SAR processing. In this figure, the ω − k algorithm is considered as an example, so that the range cell migration correction is performed by the Stolt interpolation [37] .
spread of channel, in order to avoid the frequency-selective fading [36] . Fig. 6 shows the schematic diagram of the generic MIMO SAR processor. Let the number of transmit antennas be M Tx , the number of receive antennas in azimuth be M Rx , and the number of subswaths be N sub . The two primary objectives of the MIMO SAR processor are the successful separation of the multiple waveforms and their compression into HRWS SAR images. The DBF in elevation generates multiple narrow and high gain beams dividing the signal into subsets of short relative time delay. As detailed earlier, this is a necessity for separating the multiple simultaneously arriving echoes, which is referred to as demodulation in Fig. 6 . This results in M Tx × M Rx × N sub data streams, where each of the N sub demodulation output data streams corresponds to a narrow portion of the total swath; these are stitched together, leading to M Tx × M Rx channels. Azimuth reconstruction [13] is applied to eliminate the ambiguities in the individual channels, yielding the full Doppler data streams for each of the transmitted waveforms. These are then fed to the conventional SAR image processing.
III. GENERIC MIMO SAR PROCESSING
Detailed processing of each step in Fig. 6 was introduced in previous publications [11] , [29] , [38] , [39] . The OFDM demodulation scheme including the spatial filtering (DBF) is specifically explained in [29] , and the other DBF techniques in azimuth are intensively investigated in [40] . As aforementioned, the increased number of phase centers in the MIMO configuration provides a great opportunity to merge two or more advanced multichannel modes into a single system. The basic idea behind the multimodal operation is to adjust the phase center distributions by reconfiguring the transmit antenna constellations for multiple modes. Based on the developed OFDM chirp waveforms, we present three examples of multimodal operation in Section V. The effect of the Doppler shift on the OFDM waveform is first analyzed in the following sections.
IV. DOPPLER EFFECT ON OFDM WAVEFORMS
In this section, we investigate the feasibility of the OFDM waveform for the proposed MIMO SAR operations in terms of its orthogonal property in real spaceborne SAR scenario. The orthogonality between the subcarriers is fragile in complex propagation channels, due to a small spectral spacing. A typical example is the Doppler effect. In side-looking SAR, the Doppler effect results from the relative motion between sensor and targets and is exploited in SAR processing to achieve a high spatial resolution in azimuth. In contrast, the Doppler effect in fast-time domain is generally ignored in SAR processing since it is not recognizable within a SAR pulse length. To detect the Doppler shift, the pulse length should be at least one period of the Doppler frequency. This condition is generally not met in a pulse-based radar operation [41] . However, it is worthwhile investigating the Doppler effect in fast-time signals when the OFDM chirp length is increased, in order to extend subswath width. In this case, the Doppler effect becomes more significant. This section is dedicated to investigate the performance of the proposed OFDM waveform scheme regarding the Doppler shift and to derive a compensation algorithm to improve Doppler tolerance.
The Doppler shift may become a major cause of disturbance to the orthogonality between subcarriers. This can be mitigated by increasing the subcarrier spacing Δf ; however, the reciprocal of the subcarrier spacing Δf corresponds to the pulse length, which determines the subswath width. Therefore, the subcarrier spacing should be properly chosen. The intercarrier interference (ICI) is introduced to indicate the level of interference, i.e., loss of orthogonality, and to specify a boundary of the minimum subcarrier spacing. The ICI is the ratio between the single subcarrier power and the interference power contributed by all other subcarriers due to the Doppler shift.
To arrive at an expression for the ICI, let the total ICI power P ICI be defined as the expected value of the Doppler distribution (see Appendix A)
where
is the Doppler probability density function (pdf) and sinc(x) is defined as sin(x)/x. In spaceborne SAR, the magnitude of the Doppler pdf is equivalent to the azimuth antenna pattern limiting the Doppler spectrum to ±f D,max .
Since the integral of a pdf is unity by definition, (5) can be simplified as follows:
Applying a sinc-function shape antenna pattern as a Doppler pdf, we can directly estimate the total ICI power. Fig. 7 shows the calculated ICI as a function of f D · T , which corresponds to the relative Doppler frequency to subcarrier spacing Δf with Δf = 1/T . This plot is used to specify a lower bound of acceptable subcarrier spacing, with regard to the number of subcarriers. Assume a spaceborne SAR flying at 7 km/s and using 85-MHz signal bandwidth, 30-μs pulse length, and 1.1 × B sampling frequency. The subcarrier spacing Δf of this system is 33 kHz. However, Fig. 7 shows that a threshold ICI of −30 dB limits the maximum allowable Doppler frequency to 6% of a given subcarrier spacing. Consequently, the azimuth resolution is restricted by the desired ICI value. In this example, the maximum allowed Doppler frequency shift equals 2 kHz (33 kHz × 0.06 = 2 kHz), for which the Doppler bandwidth of 4 kHz gives a resolution of 1.75 m for a zero squint angle (7 km/s/4 kHz = 1.75 m). Fortunately, the Doppler frequency of a stationary target during transmission/reception is deterministic in spaceborne SAR due to stable satellite movement. A correction technique has been investigated and proposed in [35] . In case of a narrow subcarrier spacing, the instantaneous Doppler shift must be compensated prior to OFDM demodulation. It must be noted that these correction techniques assume a MIMO configuration without undersampling in azimuth and that any irregular Doppler shift (e.g., caused by moving objects) cannot be corrected by these methods.
V. MULTIMODAL OPERATION
This section introduces possible MIMO SAR operations based on the OFDM chirp waveforms. It must be noted that the MIMO antenna configurations in this section are using only two transmit antennas in order to present operation principles but are not limited to two transmit antennas at all.
A. HRWS SAR Across-Track Interferometry
The InSAR considered here is the across-track interferometry 1 for topography measurement. The conventional implementation for InSAR mode is to deploy two receive antennas separated across track and to capture the pulse sent by a single transmit antenna. For HRWS SAR imaging, this imposes a constraint on satellite design due to a large second Rx array needed. An alternative implementation is to employ two transmit antennas across track and a single receive antenna and to acquire data by transmission toggling. A recent study has explored the feasibility of InSAR satellite at Ka-band using two transmit antennas deployed using large booms across track [42] . However, this study considers transmission toggling, and its imaging performance is restricted by the fundamental SAR antenna constraint [2] .
The present MIMO SAR also uses multiple transmit antennas instead of an additional large receive array and deploys it at a certain baseline across track. Applying the OFDM chirp waveforms, a simultaneous pulse transmission from transmit antennas becomes possible and overcomes the performance limitation. Fig. 8 shows the combination of the HRWS SAR imaging and the InSAR operation modes in the MIMO SAR, which is abbreviated here as HRWS InSAR mode. A simultaneous transmission of orthogonal OFDM pulses produces two separated phase center arrays denoted by the symbols "x" and "o" in Fig. 8 , respectively. Each spatial sample array contributes to the HRWS SAR imaging mode independently, and thereby, two SAR images are reconstructed. In this case, a total of M Rx receive and two transmit antennas are needed in the HRWS InSAR mode, whereas in the conventional approach, M Rx × 2 receive and one transmit antennas are necessary to give out the same performance. Consequently, the presented MIMO 1 For convenience, the term "InSAR" in this section means the single-pass across-track InSAR. configuration is an attractive implementation for single-pass InSAR.
B. HRWS SAR Imaging for GMTI
When the second transmit antenna is arranged with a certain baseline along track, as shown in Fig. 9 , M Rx additional phase centers are produced between the second transmit antenna and the receive array. In other words, the number of phase centers can be increased by multiple transmit antennas at a low PRF, and they are used for along-track interferometry or GMTI without coverage reduction. The positions of the phase centers depend on the baseline. At the time instance t o , both transmit antennas send pulses simultaneously, and thereby, two phase center arrays marked by "x" and "o" are formed along track. In the next transmission event, the other phase centers are formed consecutively. Thus, 2M Rx phase centers along track are obtained by every single pulse transmission event. The increased number of phase centers improves GMTI performance and also expands potential ground coverage by reducing the required PRF. This operation mode can be very attractive for maritime surveillance and ocean surface current monitoring, which require a wide coverage. In GMTI, space time adaptive processing (STAP) technique is popularly applied to suppress ground clutter and to estimate the motion parameters of moving targets. More than two phase centers may improve the detection and estimation performance [43] . By employing more than two transmit antennas, the proposed MIMO SAR can easily increase the number of phase centers required for STAP performance enhancement. As a consequence, the MIMO SAR presents a great opportunity to improve both GMTI performance and coverage of SAR imaging simultaneously.
C. HRWS PolSAR and Pol-InSAR
In the conventional PolSAR mode, each vertically and horizontally polarized signal is radiated by an alternative transmission mode, and two scattering components are acquired by each transmission event. Hence, a full scattering matrix can be obtained through the interleaved data acquisition at the cost of a higher PRF. In this traditional mode, the HRWS SAR also retains this restriction for PolSAR mode. In the MIMO SAR, orthogonal waveforms assigned to each polarization allow a simultaneous acquisition of fully polarimetric data [44] , and thereby, the present system overcomes the restriction of the conventional PolSAR data acquisition. Furthermore, the improvement in PolSAR mode can be extended to polarimetric InSAR (Pol-InSAR) mode, as shown in Fig. 10 .
The orthogonal waveforms are radiated through both polarization channels of each transmit antenna Tx 1 and Tx 2 in Fig. 10 . For the HRWS Pol-InSAR mode, a total of four orthogonal waveforms are required for vertical and horizontal polarizations of both transmit antennas
T .
To put it concretely, waveforms S 1 and S 2 are transmitted with V and H polarizations by the Tx 1 antenna, respectively, and waveforms S 3 and S 4 are assigned likewise for the Tx 2 antenna. Depending on the target properties, the polarization state of the transmitted signals is transformed, and two orthogonally polarized signals are delivered to a receive antenna from each waveform. The polarization channel transfer function H 1 for the Tx 1 and receive antennas is given as
and in the same manner, H 2 for the Tx 2 and receive antennas is described as
where the subscripts vv, vh, hv, and hh indicate the polarization responses of the received signals. The fully polarimetric channel matrix is
Therefore, the signals captured by a single receive antenna R are described as
where R v and R h denote the captured signals by the V-and Hpolarization channels of the receive antenna, respectively. As a result, the fully polarimetric data are acquired by a single transmission event. The vertically and horizontally polarized signals are first separated by the antenna, and then, the polarization component carried by each orthogonal waveform is retrieved by the waveform demodulation. Fig. 11 illustrates the polarization retrieval by the polyphase decomposition during the OFDM demodulation.
VI. EXAMPLE SYSTEM DESIGN
In this section, we design an example MIMO SAR system based on the OFDM chirp waveform. Aside from the antenna parameters, other system and geometric parameters are chosen according to traditional rules, such as the radar equation or the parameters of existing systems. As introduced in the previous section, the transmit antenna constellation is reconfigurable, depending on the operation mode. The baseline between the transmit antennas is defined by the specific application and is not fixed in the following analysis. Table II lists the designed system and geometric parameters. The pulse duration of 150 μs leads to the duty cycle of 24.1% for the highest PRF of 1.61 kHz. This value can be reduced by employing a shorter OFDM pulse at the cost of increasing the receive array height. In this system operation, a severe nonuniform sampling will not occur due to the narrow PRF range. In the case that a wide range of PRF is considered, the degree of nonuniform sampling will be significant and reach the maximum at the highest PRF. In the designed system, it is assumed that all receive channels have the identical noise figure of 3.75 dB and a system loss of 3 dB. The required peak and average power of this system are higher than those of the TerraSAR-X system (2-kW peak) in order to achieve the desired SNR over the 100-km swath width. As a rule, the sampling frequency of 275 MHz includes a 10% guard band, and then, the pulse length of 150 μs leads to 41 250 subcarriers with the 6.67-kHz subcarrier spacing. In this example, we assume that the ICI due to instantaneous Doppler shift is compensated by the method introduced in [35] . Regarding the undersampling for HRWS SAR imaging in the MIMO SAR, the reconstruction algorithm [13] recovers the original Doppler spectrum prior to the Doppler compensation. This approach has been used for frequency-modulated continuous-wave (FMCW) SAR with DBF in [45] and also for the very high resolution SAR data processing [46] . Therefore, the ICI issue is not included in the performance estimation in Section VI-A. To improve the computation speed of DFT/inverse DFT, one can select a number of subcarriers that are equal to a power of two. This MIMO SAR antenna is composed of six panels in azimuth and 42 receive subarrays in elevation in each panel. The receive subarray consists of three X-band radiators in elevation and azimuth, respectively. Fig. 12 depicts the MIMO SAR antenna configuration and geometric parameters in this example design. This example system was designed for the multimodal operation, based on the developed techniques. If the designed MIMO SAR system is dedicated to the HRWS SAR imaging operation mode, the multiple transmit antennas can be used to reduce the total antenna size as well. The total area of the six receive subarrays and two transmit antennas in this design is 35 m 2 . By arranging the second transmit antenna along track at a proper distance, only three receive subarrays are required for the same HRWS SAR imaging performance of the original design, instead of the six subarrays, according to the coarray concept [47] . In this case, the total antenna area is reduced to 18.14 m 2 , which is 51.76% smaller than the original design.
A. Performance Estimation
This section is dedicated to the evaluation of the performance of the designed MIMO SAR system, in terms of the system sensitivity and the range ambiguity.
1) NESZ:
The noise equivalent sigma zero (NESZ) is a parameter indicating the system radiometric sensitivity, which is defined as the backscattering coefficient corresponding to an SNR that is equal to unity [48] . The bistatic configuration of the MIMO SAR leads to different antenna gains in the transmission and reception, meaning that the NESZ is formulated for these gains as follows:
where T sys is the equivalent system noise temperature, c o is the speed of light, k bol is the Boltzmann's constant of 1.3807 × 10 −23 J · K −1 , P t is the peak transmit power, L ant is the loss of antenna feed networks, G T and G R are the gain patterns of the transmit antenna and the receive array, respectively, θ denotes the elevation angle, and λ is the wavelength. Fig. 13 shows the estimated NESZ values for the designed 2 × 6 MIMO SAR system (cf. Fig. 12) .
The calculated NESZ of each subswath is indicated by the dashed-dotted line. There is approximately 5-dB difference between the best and the worst values within the whole swath. In the designed system, 14 beams, i.e., subswaths, cover the whole swath. It should be emphasized that the NESZ was separately calculated for each transmit antenna. In other words, adding a transmitter for sending an orthogonal signal does not improve SNR. For the multimodal operation, this system Fig. 13 . NESZ of the example system. The dashed-dotted line denotes the NESZ of each subswath, and the solid line highlights the coherent combination of the subswath data. The system is designed to achieve NESZ < −20 dB, which leads to a satisfactory SNR value for most applications. The antenna elevation pattern was tapered by a Dolph-Chebyshev window for a sidelobe level of −35 dB. reconstructs multiple images for the interferometry or the polarimetry, separately. The multiple transmit antennas can be used for the NESZ improvement as well, as long as the multiple images are coherently summed after the coregistration.
2) RASR: Range ambiguities are caused by overlapping echoes from preceding and succeeding pulses to desired signals [32] . The antenna sidelobes have a decisive influence on the range ambiguity level. The range-ambiguity-to-signal ratio (RASR) is used to indicate the range ambiguity effect in SAR images with regard to the antenna pattern and the OFDM demodulation process. For the MIMO SAR system, this parameter is defined as follows:
where θ inc denotes the incidence angle and C 2way is the twoway antenna pattern. The subscript m indicates the ambiguous signal order. N n and N f give the number of pulses considered in the calculation in both near and far ranges, respectively. R o is the original distance to a target, and R o,m is the slant range between the radar sensor and the position of the mth ambiguous signal source, corresponding to an elevation angle θ m and incidence angle θ inc,m .Δθ and Δθ inc are the elevation look angle and incidence angle separations corresponding to T , respectively. Equation (13) is composed of two parts. The first stands for the conventional RASR value, denoted by RASR con , and the second represents the additional value RASR ofdm , caused by the circular-shift addition process in the OFDM demodulation, which are T p apart from the original position in time domain. In other words, the RASR ofdm indicates the interference level from adjacent subswaths, since the circularly shifted signal originates from the succeeding subswath region. This interference rises up due to imperfect spatial filtering (mainly due to sidelobes) by DBF on receive. Fig. 14(a) shows the conventional RASR term in (13) . The range ambiguities are suppressed in the antenna pattern by 45 dB. The narrow elevation beam of the receive array reduces the echo spread of each subswath. Furthermore, the reduced PRF via the multiple receive subarrays in azimuth results in an increase of the angular separation between the desired signal and the range ambiguity signals. However, the final RASR is increased, as shown in Fig. 14(b) , since the range ambiguity caused by the circular-shift addition is added. This result implies that the spatial filtering performance is critical. In this design, we suppress the sidelobes in the receive antenna pattern up to −35 dB by the Dolph-Chebyshev taper and achieve the RASR better than −30 dB.
B. Performance Comparison
The performance of the MIMO SAR system is compared with that of TerraSAR-X in terms of several geometric and radiometric parameters. These performance parameters are listed Table III . In stripmap mode, the TerraSAR-X system produces SAR images with 3.3-m azimuth resolution over 30-km swath in single polarization mode. The azimuth resolution is improved in spotlight mode to 1.7 m at the cost of ground coverage (10 km). In ScanSAR mode, the ground coverage is increased by steering the antenna beam across track, but it allows only the azimuth resolution of 18.5 m [49] . This is the fundamental restriction of conventional SAR systems. This antenna constraint problem restricts the system performance even more in the polarimetric data acquisition. Due to toggling of the polarization between consecutive pulses on transmit, a higher PRF value is required to preserve the resolution, and it yields the reduction of the swath width or vice versa. This tradeoff is clearly seen in stripmap and spotlight modes in Table III for the dual-polarization mode.
In contrast, the designed MIMO SAR system shows steady imaging performance independent of the operation modes. As described in Section V, the MIMO SAR system does not require a higher PRF value in the polarimetric and interferometric modes, owing to the simultaneous transmission of OFDM waveforms. As a consequence, the performance improvement by the MIMO SAR is considerable compared to the conventional single-channel system. A remark should be given to the HRWS GMTI mode in Table III . For the parameter estimation of moving targets, at least three azimuth channels are needed. In this design example, each of the four phase centers is used to build an HRWS SAR image from the antenna constellation for the HRWS GMTI (cf. Fig. 9 ). This requires a PRF increase of up to 2.415 kHz, and therefore, the swath width is reduced in comparison with the other modes. From this example design, it becomes clear that the MIMO SAR allows a substantial performance enhancement for the polarimetric and interferometric modes, and the OFDM waveform scheme plays a key role in the MIMO SAR multimodal operation.
VII. CONCLUSION
In this paper, we have presented a novel spaceborne MIMO SAR concept based on the OFDM waveform and DBF techniques. The proposed MIMO SAR aims at the multimodal operation, overcoming the inherent limitations of the stateof-the-art SAR system. It is emphasized that the DBF and the OFDM waveform scheme are the predominant tools to implement the multimodal operation. In particular, the OFDM waveform scheme allows the simultaneous transmission of multiple orthogonal pulses and also provides sufficient coherence between reconstructed multichannel SAR images for interferometric and polarimetric applications. This unique feature of the OFDM waveform makes it possible to effectively use the MIMO SAR system. As an example, we extended a digital receive array system (HRWS SAR) by adding an extra transmit antenna in order to increase the spatial degree of freedom. By reconfiguring the transmit antenna constellation, the MIMO SAR system composes additional phase centers along track or across track and can satisfy the needs of the HRWS imaging and other multichannel data acquisition modes at the same time. The designed MIMO SAR system showed the steady geometric and radiometric performance, while the performance of a single-channel system depends on operation modes due to the fundamental SAR antenna constraint.
VIII. FUTURE TOPICS
An important topic that should be further investigated is the performance validation for the random scattering behavior of natural scene [29] , [35] , [44] . Experimental studies using a ground-based or airborne system are expected to provide a full understanding of the presented OFDM signal responses for a general imaging scenario with distributed targets. Moreover, from a technical viewpoint, the present work also inspires further ideas to accelerate technical progress in the field of MIMO SAR. One of the important issues for future activities is the combination of MIMO SAR with a large reflector antenna. When combined with a digital feed array, the reflector antenna system allows various advanced modes with the aid of DBF [50] . This high potential has been intensively studied for the Tandem-L mission, which is a proposal for an innovative interferometric L-band radar mission [51] . In particular, the capability of multibeam generation of the reflector antenna system is of great interest for MIMO SAR due to its excellent spatial filtering performance. A further point involves bistatic and multistatic SAR systems. In this case, individual transmit and receive antennas are carried by separate satellites, which can form multiple baselines for various interferometric applications [52] . Furthermore, this configuration offers an opportunity of using continuous signals like FMCW. This type of signal allows one to reduce the high power demands on transmit and to simplify system hardware [6] . By generating continuous OFDM waveforms, the multistatic system will be effectively combined with the MIMO SAR operation modes. A dual use of OFDM signals for communication and radar remote sensing is also a great interest that should be pursued. Its high potential has been intensively investigated for short-range radar applications [53] , [54] . For spaceborne SAR applications, communication satellites sending OFDM signals may be used as transmitters of opportunity in geostationary orbit, and multiple small receiver-only satellites acquire data in low Earth orbit. There are many other topics, like sparse distributed arrays of satellites, that should be further studied in the scope of future activities. We hope that this paper will inspire diverse ideas and boost many collaborative efforts for substantial progress in spaceborne MIMO SAR technology.
APPENDIX A DERIVATION OF ICI
In this appendix, (5) is derived in detail. The ICI is used to specify a boundary of the minimum subcarrier spacing for given channels. Doppler shift results in interferences between subcarriers and amplitude attenuation of the subcarrier. Since the Doppler shift is not described by a single value due to multipath signals, the Doppler spectrum model is commonly used in the ICI estimation.
Assume that s[n] is an OFDM chirp signal for twotransmitter case in discrete time, and its Fourier transform is S [p] . When s[n] is transmitted and returns to a sensor, the received signal r[n] is described as follows:
where n and p are the discrete time and frequency index, respectively, N is the total time samples of a single chirp, k is the delay, and Δp represents the Doppler shift of the pth subcarrier. Note that the signal amplitude and antenna pattern 2 are omitted in this derivation for simplicity. The signal is demodulated by the 2N -point DFT on receive. As in the prior section, the demodulated signal is derived as 
In the following, this signal spectrum with the Doppler shift is reformulated in terms of a specific subcarrier and the rest. Fig. 15 depicts the principle of the following signal model. The received signal spectrum is decomposed into the discrete frequency domain p and the subcarrier domain q. Thereby, one can describe the interferences from the sidelobes of subcarrier functions (q = q o ) to the reference subcarrier q o . Of course, if 2 The antenna pattern is reflected to a Doppler spectrum model for a sidelooking SAR geometry. there is no Doppler shift, the sidelobes of all subcarrier functions correspond to the nulls. Put simply, they are orthogonal.
To derive the interferences on the q o subcarrier, (15) 
where f q = 2π · q · Δf and f q d = 2π · Δq · Δf . In the same way, f p = 2π · p · Δf . The interest is the power level of interference. The exponential terms in (17) have no effect on the ICI due to the amplitude of unity, and |S(f p )| is also assumed to be unity. Therefore, these can be omitted in further power calculations. The spectral power at f q o (i.e., p = q o ) is a sum of the reference subcarrier power and the ICI power
where |R sig | 2 is the reference subcarrier signal power and |R ici | 2 denotes the total interference power from the other subcarriers (q = q o ) to the q o th subcarrier. For a large number of subcarriers (N → ∞), the ICI power on the subcarrier is estimated as [55] lim
In the SAR scenario, multipath signals from a wide target area yield a Doppler spectrum broadening, known as Doppler spread in mobile communications [36] . Therefore, the total ICI power is calculated by multiplying a Doppler distribution function with (19) . Now, f q d indicates simple Doppler frequency f d . Therefore, the total ICI power P ICI is given as
